Purpose. Patients with recurrence after complete resection of colorectal liver metastases (CLM) are considered for repeat resection as a potential salvage therapy (PST). However, outcomes for this approach are not well defined. We sought to analyze the natural history of recurrence and PST in a large cohort of patients with long-term follow-up. Methods. Recurrence patterns, treatments, and outcomes in consecutive patients undergoing resection for colorectal liver metastases were analyzed retrospectively. PST was defined as repeat resection of all recurrent disease and effective salvage therapy (EST) as free of disease for 36 months after last PST. Factors associated with PST, EST, and outcomes were analyzed. Results. Of 952 patients who underwent resection, 594 (62 %) experienced recurrence (median interval = 13 months). Initial recurrences involved liver (n = 157,26 %), lung (n = 167,28 %), multiple sites (n = 171,29 %), and other single sites (n = 99,17 %). PST was performed in 160 (27 %) of 594, most commonly with a single site of recurrence (n = 149). Young age (p = 0.01), negative initial resection margin (p = 0.003), initial tumor size\5 cm (p = 0.006), and recurrence pattern (p \ 0.001) were independently associated with PST. Thirty-six patients experienced EST (25 % of PSTs). Overall median survival was 61 and 43 months in those with recurrence. Median survival of patients undergoing PST was 87 months compared to 34 months for those who did not.
Conclusions.
Recurrence is common after CLM resection, but 27 % of patients were able to undergo PST. Approximately one-quarter of these experienced EST and may be cured. PST is associated with long-term survival and possible cure, and therefore active surveillance after CLM resection is justified.
Liver is the organ to which colorectal cancer most frequently metastasizes. 1 In 15-25 % of colorectal cancer patients, liver metastases are present at initial presentation, and an additional 40-50 % will ultimately develop colorectal liver metastases (CLM). [1] [2] [3] [4] Hepatic resection is the best treatment for patients with resectable tumors and is associated with long-term survival and cure. Unfortunately, in at least 70 % of resected patients, disease will recur. 3, 5, 6 Previous studies on specific patterns of posthepatectomy recurrence showed that selected patients can undergo complete resection with long-term survival rates better than those reported with palliative treatment. 7, 8 However, these reported outcomes may be related as much to underlying tumor biology and selection bias as to treatment. Importantly, these series have not addressed the complete denominator of patients who experienced recurrence, and they lack long-term follow-up. However, there are documented cases of cure in patients who have undergone resection of recurrent disease. [9] [10] [11] Consequently, in selected patients, complete resection of recurrent disease might be considered a potential salvage therapy (PST). [12] [13] [14] [15] The indications and outcomes for resection of recurrent disease after hepatectomy for CLM have not been well studied or defined. Resection of recurrence has usually been performed in patients with limited liver or lung-only disease; however, some patients with multiple sites of recurrence have also undergone resection. 16 Improved ablative therapies have broadened treatment options for patients with recurrence. 15, 17 Little is known, however, about the natural history, success rates, and factors predictive of outcome in patients who undergo PST. Previously published studies are mostly small series with limited follow-up that have analyzed repeat resection in single-organ sites. [18] [19] [20] [21] No prior study has comprehensively reviewed all recurrences after hepatectomy for CLM and the long-term outcomes of recurrence-specific treatments.
The aim of this study was to analyze the natural history of recurrence and PST after complete resection for CLM in a large cohort with long-term follow-up. We also sought to identify factors associated with the performance and outcome of a PST.
METHODS

Subjects and Data Collection
After receipt of institutional review board approval at Memorial Sloan Kettering Cancer Center, records of all patients who underwent liver resection for CLM between January 1, 1994, and March 31, 2004, were identified from a prospective database. Patients with incomplete information or resection (R2) were excluded. Data were supplemented with retrospective medical record review to document follow-up, patterns and treatment of recurrence, and survival. A clinical risk score (CRS) before liver resection was calculated, as previously published, for each patient. 22 Scores of 0, 1, or 2 points were classified as low and 3, 4, or 5 points as high.
Selection criteria for the initial liver resection required fitness for a major resection and an adequate future remnant. Extrahepatic disease was not an absolute contraindication. 23 Preoperative evaluation included physical examination; colonoscopy within the last year; and computed tomography of chest, abdomen, and pelvis. Magnetic resonance imaging and 18 F-fluorodeoxyglucose positron emission tomography-computed tomography were utilized selectively. Postoperative follow-up was performed every 4-6 months.
Operative Details
The type of initial resection selected was based on the extent of disease and surgical margins. Major hepatectomy was defined as a right or left hemihepatectomy, central hepatectomy (Couinaud segments 4, 5, and 8), or extended hepatectomy. Minor hepatectomy was defined as resection of less than a hemiliver. Hepatic arterial infusion pumps were placed at time of surgery selectively and frequently on prospective trials. An R1 resection was defined as a microscopic margin less than 1 mm.
Follow-up, Survival, and Recurrence
Surgical mortality was defined as death from postoperative complications within 90 days. At last follow-up, patients were categorized as no evidence of disease (NED), alive with disease, dead of disease, dead of other causes, or dead of unknown causes. Disease-specific survival (DSS) was defined as the interval between the date of index liver resection or PST (depending on the specific analysis) and the date of last follow-up or death from cancer. Patients who were dead of other causes or dead of unknown causes were censored. Recurrence-free survival was defined as the interval between the date of index liver resection and the date of documented recurrence or last follow-up in patients without recurrence. Recurrences were documented histologically or by definitive radiologic evidence of progression.
PST and EST
PST was defined as a complete resection of all recurrent disease after initial hepatectomy. Rarely, thermal ablative therapies were used as PST. Treatments considered palliative included chemotherapy, radiotherapy, or incomplete resection. Recurrences and new treatments after a PST were recorded, as were multiple PSTs undertaken in a single patient. Effective salvage therapy (EST) was defined as free of recurrent disease with at least 36 months of follow-up after last PST. Thirty-six months was chosen as the cutoff to define EST because recurrence after this interval is uncommon. 5 
Statistical Analysis
Categorical and continuous variables were summarized using proportions, mean ± standard deviation, and median (range). Chi square and Kruskal-Wallis tests were used to compare categorical and continuous variables, respectively. Univariate and multivariate Cox proportional hazards regression was used to identify factors independently associated with PST. Factors associated with EST were not assessed in multivariate analysis because of an insufficient number of events. All variables significant at the 10 % level in univariate analysis were considered for multivariate analysis. p values from the univariate and multivariate models were from the Wald test. CRS was not included in the multivariate analysis to avoid problems of collinearity with its components included in the analysis. Fifteen of 160 patients undergoing a PST were not included in the EST analysis because they had less than 36 months of follow-up after last PST. Survival curves were constructed by the Kaplan-Meier method and compared using the log-rank test. All tests were two-sided (p \ 0.05). Statistical analysis was performed with SAS v.9.2 (SAS Institute, Cary, NC) and SPSS v.19.0 (IBM, Armonk, NY).
RESULTS
Clinical Presentation
A total of 1,034 patients underwent liver resection for CLM during the study period. Eighty-two patients (7.9 %) were excluded, leaving 952 for analysis. Reasons for exclusion were incomplete information (n = 48), R2 resection (n = 23), or initial liver resection for CLM before 1994 (n = 11). Tables 1 and 2 summarize clinical and therapeutic characteristics of the primary tumor and CLM for the cohort (N = 952).
Five hundred ninety-four patients (62.4 %) experienced recurrence at a median interval of 13 months (range 1-127 months). Initial recurrence involved the liver as sole site (n = 15,726.4 %), the lung as sole site (n = 16,728.1 %), multiple sites (n = 17,128.8 %), and other single sites (n = 9,916.7 %). Other single sites of recurrence were retroperitoneum (n = 18), bone (n = 17), peritoneum (n = 14), pelvis (n = 11), colonic anastomosis (n = 9), ovaries (n = 8), portocaval lymph nodes (n = 6), brain (n = 5), pancreas (n = 2), abdominal wall (n = 2), adrenal (n = 2), mediastinum (n = 2), celiac lymph nodes (n = 1), inguinal lymph nodes (n = 1), and mesentery (n = 1).
Treatment of Patients Undergoing PST
Of the 594 patients with recurrence, 160 (26.9 %) underwent at least one PST and 434 (73.1 %) received palliative therapy (Fig. 1a) . Of these 160 patients, 96 (60.0 %) underwent one PST, 46 (28.8 %) underwent two, 15 (9.4 %) underwent three, and 3 (1.9 %) underwent four for subsequent recurrences. One hundred forty-nine (93.1 %) of 160 patients who underwent a PST had recurrence at a single site, and most (n = 94) had a single tumor at the time of initial recurrence. The great majority of patients (156 of 160, 97.5 %) underwent resection as their first PST, with R0 resection in 134 and R1 in 22. Of the 156 patients who underwent resection as first PST, 100 received adjuvant chemotherapy, 10 received adjuvant external-beam radiotherapy, and 3 underwent thermal ablation for additional tumors. The remaining four patients (2.6 %) received radiofrequency ablation as their principal PST, two of whom received adjuvant chemotherapy. 
Univariate and Multivariate Analyses of Factors Predictive of PST
Young age, absence of lymphovascular invasion and metastatic lymph nodes from the primary tumor, negative margin of initial liver resection, carcinoembryonic antigen levels \200 ng/mL, tumor size \5 cm, low CRS, and pattern of first recurrence were identified on univariate analysis as factors associated with performance of a PST (Table 3) . Use of hepatic arterial infusion chemotherapy was not associated with PST. On multivariate analysis, young age (p = 0.01), negative margin of liver resection (p = 0.003), tumor size \5 cm (p = 0.006), and pattern of recurrence (p \ 0.001) were independently associated with a PST (Table 3) .
Effective Salvage Therapy
Of the 160 patients who underwent a PST, 15 (9.4 %) had less than 36 months of follow-up after their last PST, leaving 145 patients for analysis. Thirty-six of these 145 patients (6.1 % of all patients with recurrence after index liver resection and 24.8 % of 145 patients undergoing PST) met the criteria for EST. The median follow-up of these 36 patients was 84 months (range 36-172 months) (Fig. 1a) . EST was obtained after one PST in 23 (63.9 %) patients, two in 8 (22.2 %), three in 3 (8.3 %), and four in 2 (5.6 %). Table 4 summarizes the characteristics of the 145 analyzable PST patients, including the 36 with EST. Negative lymph nodes in the primary lesion (p = 0.03), single initial liver metastasis (p = 0.03), and low CRS (p = 0.03) were significantly associated with EST. Use of hepatic arterial infusion chemotherapy at the time of the index liver resection was not associated with EST. If we limit the analysis to patients without extrahepatic disease or positive margins at their index liver resection (n = 647), the EST rate was 7.3 % (27 of 369) of all recurrences and 27.8 % (27 of 97) of those undergoing PST.
Of the 434 patients treated with palliative therapy, 47 (10.8 %) were alive at last follow-up. Most of these patients were alive with disease (n = 44), and 3 (0.7 %) had NED. Thirty of these 47 patients had at least 3 years of follow-up after last recurrence.
Survival Analysis
The median follow-up period was 59 months (range 0-189 months) for survivors. Median DSS for the cohort (N = 952) was 61 months [95 % confidence interval (CI), 54.8-67.2], with actuarial DSS of 50.1 % at 5 years. Median recurrence-free survival of the cohort was 21 months (95 % CI 18.5-23.5), with actuarial recurrencefree survival of 31.9 % at 5 years. (Fig. 1b) .
DISCUSSION
The treatment of choice for patients with resectable CLM is complete resection because it is associated with long-term survival and cure. 2, 10 Nevertheless, the majority of patients will develop recurrence, most commonly involving liver, lungs, or both. 5 Resection as PST has not been well studied. Previous publications suggest that resection of recurrent disease in selected patients is as safe and effective as the initial operation in terms of survival and postoperative complications. 16 However, the denominator from which patients are chosen for repeat resection is typically ill-defined and long-term outcomes poorly documented. 18, 24, 25 Also, previous analyses are limited by small cohorts and short follow-up, and they lack definition of the complete denominator of patients with recurrence. Additionally, most studies evaluate treatment of the first recurrence or limit their analyses to single organ sites. 19, 26, 27 De Jong et al. evaluated curative intent surgery for liver recurrence in a multicenter study. 6 Six hundred forty-five of 1706 patients presented with liver recurrence, and repeat resection was performed in 38 %. However, the analysis did not include patients with extrahepatic recurrence. A similar study by Jones et al. analyzed surgical treatment of liver recurrence in 150 patients. 28 Survival was significantly better in patients who underwent complete resection than those treated without resection. However, this analysis did not include the 65 patients who presented with extrahepatic recurrence and had short follow-up time (19 months).
The present study differs from previous studies in several aspects. It includes a complete assessment of all types of recurrences and provides long-term follow-up to evaluate the durability of a PST. This is the first study that comprehensively defines long-term survival and possible cure after a PST in posthepatectomy patients with recurrent CLM. Because most patients develop recurrence within 24 months, EST was defined as free of recurrent disease with at least 36 months of follow-up after last PST. Although some patients who had NED at 36 months might ultimately fail, the great majority are likely cured of their disease. We also described the outcomes of patients not selected for a PST, demonstrating their relatively poor survival. These results help to understand the natural history of this clinical scenario and provide definitions of PST and EST. Also, this information can be used to guide further studies and develop guidelines for follow-up and treatment.
This study confirmed that at least 60 % of patients with CLM will experience recurrence after complete resection. The minority selected for PST presented with a single Results of the multivariate analysis shown only for significant variables. The probability of getting a PST decreased as patient age increased. Clinical risk score was not included in the multivariate analysis to avoid problems of collinearity with their components that were included in the analysis PST potential salvage therapy, SD standard deviation, OR odds ratio, CI confidence interval, LVI lymphovascular invasion, PNI perineural invasion, CEA carcinoembryonic antigen, HAIP hepatic arterial infusion pump, NA not applicable Mean ± SD 2 ± 2.9 1.7 ± 3. EST effective salvage therapy, SD standard deviation, LVI lymphovascular invasion, PNI perineural invasion, CEA carcinoembryonic antigen, HAIP hepatic arterial infusion pump recurrent tumor in a single organ. The majority of patients received palliative systemic chemotherapy or supportive treatment for their recurrence. In comparison with patients who were able to undergo PST, those who received palliative therapy had a shorter survival. Palliative systemic chemotherapy was rarely associated with cure; only three patients had NED at last follow-up. Prognostic factors such as number and size of liver metastases, lymph node status of the primary tumor, carcinoembryonic antigen level, presence of extrahepatic disease, and margin-negative resection have been associated with survival after hepatic resection for CLM. However, these factors have not been shown to predict possibility of a PST after recurrence. This study showed that young age, margin-negative liver resection, tumor size \5 cm, and pattern of recurrence were associated with PST. 5, 29 The CRS was excluded from the multivariate analysis because its components were individually included.
This study also evaluated patients who experienced long-term disease-free survival after PST (EST). It is important that one in four patients who underwent a PST were definitively salvaged and may be cured of their disease. Unfortunately, it is a small minority (6 %) of all patients with recurrence who experience EST. Nonetheless, we find this rate, along with the associated longterm survival among patients undergoing PST, sufficient to justify active surveillance because the outcome of these patients may include cure. This study also identified the CRS and the margin of the initial liver resection as factors associated with EST, factors that may be helpful prognostic indicators. Because of limited events, these factors could not be analyzed in a multivariate analysis.
This study, as with all retrospective studies, has limitations that should temper interpretation of the results. Intrinsic to the nature of the data used in this retrospective analysis is that the choice to proceed with a PST was not mandated by a specific protocol. Many factors may have gone into the decision to proceed with PST, introducing bias into the results. Nonetheless, all our patients were under active surveillance, and PST was considered in the great majority of situations.
In summary, this is the first study that evaluates repeat resection, including all recurrences and their treatments, as a PST for recurrence after initial complete resection of CLM. The results demonstrate that 27 % of patients had disease that was amenable to a PST after recurrence and that 6 % of all patients with recurrence and 25 % of patients who underwent PST may be cured by repeat resection. Active follow-up is recommended for select patients whose disease may be amenable to PST.
